A laser-induced fluorescence imaging method was developed to simultaneously measure flow velocities in the middle and near wall of a channel with particles or single molecules, by selectively switching from the wide field excitation mode to the evanescent wave excitation mode. Fluorescent microbeads with a diameter of 175 nm were used to calibrate the system, and the collisions of microbeads with channel walls were directly observed. The 175 nm microbeads velocities in the main flow and at 275 nm from the bottom of the channel were measured. The measured velocities of particles or single molecules in two positions in a microchannel were consistent with the calculated value based on Poiseuille flow theory when the diameter of a microbead was considered. The errors caused by Brownian diffusion in our measurement were negligible compared to the flow velocity. Single lDNA molecules were then used as a flowing tracer to measure the velocities. The velocity can be obtained at a distance of 309.0 ¡ 82.6 nm away from bottom surface of the channel. The technique may be potentially useful for studying molecular transportation both in the center and at the bottom of the channel, and interactions between molecules and microchannel surfaces. It is especially important that the technique can be permitted to measure both velocities in the same experiment to eliminate possible experimental inconsistencies.
Introduction
Single molecule detection (SMD) technology has made remarkable progress within this decade. [1] [2] [3] [4] [5] [6] [7] [8] It has been demonstrated to be a unique way to exploit fundamental physical and chemical principles of molecules down to a single molecule level and can lead to significant applications for biological and medical studies in the near future. SMD has been applied for monitoring molecular diffusion in free solutions, 9 studying absorption and desorption of protein molecules at a solid/liquid interface, 10, 11 finding anomalous radial migration of DNA molecules in capillary electrophoresis. 12, 13 In addition to fundamental investigations, SMD has been extensively applied for biological or biochemical areas, such as high throughput DNA screening in electrophoresis, 14, 15 single molecule immunoassay, 16 DNA sizing and sorting, [17] [18] [19] [20] DNA mapping 21, 22 and in situ hybridization. 23 The single molecule detection technique was also used to probe the flow profile. For example, Rigler and co-workers 24 demonstrated a high-spatial resolution flow profile in microchannels by scanning microchannels with diffraction limited laser focusing. The authors reported a detection of single tetramethylrhodamine labeled biomolecules at various locations within a microchannel and demonstrated parabolic flow in two dimensions (i.e. Poiseuille laminar flow). The determination with the single molecule detection technique was validated and proved that SMD could be an important complementary method for traditional particle image velocimetry (PIV). However, the near wall velocity of single molecules was not measured. PIV is a major and well-established technique for measuring velocity fields in macroscopic and microscopic fluid systems. 25, 26 The positions of flowing particles are recorded at two defined times and then the displacement of the particle is calculated by correlating the particle image pairs. The PIV experiments conducted in a microfluidic chip were demonstrated by Santiago et al. 27, 28 to implement a micro-PIV set up and obtain spatially resolved velocity measurements in pressure flow and electrokinetic flow devices. Kwok et al. 29 used Shah Convolution Fourier Transform Detection to estimate velocities of a single-component particle.
Both single molecule detection techniques and PIV introduced above, however, were not used to measure the flow velocity closer than 450 nm from the walls. Very recently, a nano-PIV technique was reported by Yoda et al. by only using evanescent waves to obtain the particle velocity of flow field near-wall and to study the electro-osmotic flow in microchannel. 30, 31 However, there has been no system for assuring the velocities from the center to the bottom of a microchannel were accurately measured.
In order to simultaneously measure velocities in the middle and at bottom of a channel, we developed a laser-induced fluorescence imaging system that can be easily switched between the evanescent wave excitation mode and commonly the wide field excitation mode. The 175 nm fluorescence microbeads and lDNA molecules were used respectively to visualize flow field and to measure velocities. The effect of Brownian diffusion on the measurement was also discussed. This system allows one to measure the flow velocities in the *bclin@dicp.ac.cn (Bingcheng Lin) middle and at the bottom of a channel in one experiment, which will be a great help for researchers to observe the molecular transport behavior in the whole channel.
Experimental section Materials
The 175 nm fluorescence microspheres (or microbeads) (Ex./Em. 5 505 nm/515 nm) were purchased from Molecular Probes (PS-speck Microscope Point Source Kit, Eugene, OR, USA). Doubly distilled water was used. lDNA samples (48,502 bp, Takara Biotechnology, Dalian, China) were labeled with YOYO-I (Molecular Probes, Eugene, OR, USA) at a ratio of one dye molecule per five base-pairs. The concentration of DNA stock solution was 109 pM. Samples were further diluted to 1.09 pM, 0.109 pM and 0.0109 pM prior to the start of the experiments.
Microchannel assembly
A fused-silica microchip, custom manufactured by Alberta Microelectronics Corp. (Alberta, Canada), was used for all experiments. The chip channel was 10 mm deep, 300 mm wide and 3.5 cm long (Fig. 1A) . The chip was placed on the hypotenuse face of a right-angle fused-silica prism (Melles Griot, Irvine, CA; Prism UVGSFS, A 5 B 5 C 5 2.54 cm). The chip and the prism were index-matched with a drop of type FF immersion oil (R. P. Cargille Laboratories, Inc., Cedar Grove, NJ). The prism and the microchannel were fixed to a sturdy holder to minimize position shift from sample loadings. Before each experiment, the channel was washed successively with 10 mL sodium hydroxide (1.0 M), 10 mL water, 10 mL hydrochloric acid (1.0 M) and 10 mL water.
Equipment setup
The experimental setup for this study is similar to the previous setup with some changes 15 as shown in Fig. 1B . An electron multiplier CCD (EMCCD, iXon87, Andor Technology, North Ireland) camera was mounted on top of a Zeiss Axioskop upright microscope. The digitization rate of the camera was 5 MHz (12 bits) with the software controller gain set at 255 and the camera was maintained at 260 uC. The camera was operated in the internal synchronization mode and in the frame-transfer mode for molecular tracking. The excitation source was a water-cooled argon ion laser (488 nm; Spectra Physics, Mountain View, CA, USA). Extraneous light and plasma lines from the laser were eliminated prior to its entry into the observation region with the aid of an equilateral dispersing prism and an optical pinhole. The laser beam passed through a mechanical shutter with programmable control (LS2Z2, Vincent Associates, Rochester, NY, USA) and was focused with a 20 cm focal length lens (Melles Griot, Irvine, CA, USA). A beamsplitter (Factory Affiliated of Shanghai University of Technology, Shanghai, China) was used to split the laser beam into two orthogonal beams. The horizontal beam was directed to the right angle fused-silica prism (n 5 1.46) at an angle of about 40u-45u with respect to the normal on to one of the legs of the surfaces of the prism. This beam is refracted through the prism and undergoes total internal reflection (TIR) with an angle of incidence h#74u at the bottom of the fused silica channel-sample interface. The vertical laser beam reflected through two mirrors, passed through the prism and reflected at the top of the microchannel. This laser beam is out of focus because of its longer propagation distance than the horizontal one. These two laser beams could be selectively obstructed by the gobos (dark plastic plates) placed in the light paths. One 488 nm holographic notch filter (Kaiser Optical, Ann Arbor, MI; HNFP) with optical density of . 6 and a 514 nm bandpass filter (Melles Griot, Irvine, CA) was placed between the objective and the EMCCD. The Zeiss 206/0.75 NA plan Apochromat microscope objective and 406/0.75 NA plan Neofluar microscope objective were used to collect the fluorescence from the fluorescence microbeads and lDNA molecules within evanescent field and wide field, respectively.
An evanescent wave is generated by the total internal reflection (TIR) of light at the interface between two media which have different refractive indices when a parallel beam of light propagates to the interface from the dense medium with refractive index (n 2 ) to the less dense medium with refractive index (n 1 ) and the incident angle h exceeds the critical angle h c 5 arcsine (n 2 /n 1 ). The penetration distance z p away from the interface located at z 5 0 is calculated using the following formula:
Here, l 0 is the wavelength of the light. In our experiments, the laser at l 0 5 488 nm was focused at an angle of incidence of 40uy45u onto the fused silica prism (n 2 5 1.46). The laser beam was refracted through the prism at an angle of incidence h 5 71uy74u at the fused silica-water (n 1 5 1.33, h c 5 66u) interface in the microchannel. The penetration distance z p is 107y89 nm. Fig. 2 shows the comparison of lDNA molecules (1.09 pM, pH 2.0) fluorescence imaging with different illumination modes in the microchannel. The whole channel was lit as a bright band at wide field excitation mode and almost all molecules that passed through the view field were excited, as shown in Fig. 2A , in which single molecules could not be distinguished. When the evanescent wave was used to excite the same sample with a 406 objective, the single lDNA molecules adsorption on to the channel surface were clearly observed in Fig. 2B as reported by Kang et al. 33 With these results, we verify that the evanescent wave was successfully created in our setup.
Procedures
The fluorescence microbeads were diluted with deionised water ten fold. The concentration of microbeads was about 3 6 10 28 beads mL 21 . One microliter microbead solution or lDNA samples were added into one of the reservoirs at the end of the channel and another one was maintained empty. The difference in liquid levels at the two reservoirs was used to drive microbeads or lDNA molecules flowing in the microchannel. When the flow was steady, the images were first recorded with an evanescent wave to acquire the flowing velocity of the near-wall. Then the gobo, which was originally placed in the vertical laser beam (refer to Fig. 1B) , was removed so that the wide field excitation mode was used to acquire the bulk velocity.
Results and discussion
Flow velocities observed by wide/evanescent field with microbeads
When microbeads passed through the microchannel, they were illuminated with evanescent wave mode and then wide field mode. Fig. 3A shows the typical fluorescence images of microbeads flowing in a microchannel driven by hydrostatic pressure when an evanescent wave was used for excitation. Single arrowhead and double arrowhead represent two microbeads in a series of images, respectively. From two consecutive images in which the fluorescence of microbead was captured, the velocity of the microbead was calculated by migration distance divided by the interval time of the two images. Fig. 3B demonstrates the motion of microbead illumination with wide field excitation. More fluorescence microbeads were illuminated in this case. At a suitable exposure time, the fluorescence tracks formed a trace of movement. The track length divided by exposure time would be the migration velocity of microbeads. This velocity determination method was called the streak method. 14 It is clear that the trace lengths of different microbeads are obviously various. We followed 30 microbeads excited with wide field mode and calculated their velocities in every frame. The typical velocities of microbeads vs. normalized residency time in the view field are presented in . The microbeads, which flowed within the region of ¡8 mm (errors less than 10% in this region) from the center with velocities larger than those determined in evanescent field, were used as an effective microbead for calculating the maximal velocity. The maximal velocity (calculated from the images of Fig. 3B ) and the near wall velocity (calculated from the images of Fig. 3A) are shown in Fig. 5 34 Hence, the laminar flow was fully developed at the imaging point (#2 cm away from the entry reservoir). Considering W/Hy30, the velocity profile of Poiseuille flows in two dimensions is presented as 35 ( Fig. 1C) :
The microbeads could not completely be immersed into the evanescent field because the diameter of the microbead is larger than the evanescent field depth. Only the centroids of microbeads located in the range 87.5 nm to 187.5 nm from the bottom surface of the channel, could be observed. Because of the large sizes of the microbeads, different parts of one microbead seen in the evanescent field were located in various flow-velocity regions in the channel. To simplify the calculation, we only considered the translation movement of a microbead and neglected the trundle in this paper. Since the particles experience the velocity field in the range from 0 to 275 nm, the particle motion measured reflects an average velocity in that range. Based on formula (2), the velocity away from walls 0 to 275 nm is calculated in the range from 0 mm s 21 to 27.83 ¡ 0.78 mm s
21
, which is comparable to the experimental results 38.75 ¡ 6.71 mm s 21 in Fig. 5 . The error can be further eliminated by optimizing some experimental conditions such as calibrating the laser incidence angle and increasing the quantity of captured particles. Brownian diffusion is an important factor affecting the measurement uncertainty when sub-micron particles are used to probe flow fields. 36, 37 The mean square distance of diffusion is r 2 5 2DDt, where Dt is the time interval and D is the diffusion coefficient. The diffusion coefficient D is given as D 5 kT/3pgd p (Einstein 1905). Here, d p is the particle diameter, k is Boltzman's constant, T is the absolute temperature of the fluid, and g is the dynamic viscosity of the fluid. Therefore, the velocity due to Brownian motion over interval time can be estimated by
The diffusion coefficient of 175 nm particles in unconfined flow is 2.5 6 10 28 cm 2 s
. During the 133.1 ms interval time, the velocity due to Brownian diffusion in plane for particles is 6.13 mm s
. So that the velocity error of 175 nm particles in the center and near wall due to Brownian diffusion are 3.6% and 15.8% (if the impact of hindered Brownian diffusion and the decreased diffusive uncertainty, 1= ffiffiffiffi ffi N p , where N is the total number of particles on average, were considered, the error would be less than 5% 37, 38 ), respectively. Out-plane Brownian diffusion mainly causes an error of particle mismatch. The impact of hindered Brownian diffusion on the accuracy of particle-image velocimetry using evanescent-wave illumination was studied by Sadr, 38 and they concluded that ''the errors due to Brownian diffusion-induced particle mismatch are negligible compared with various experimental errors such uncertainties in estimating magnification and the discretization of the image by the CCD array''. 
Collisions of microbeads with channel walls
The microbead marked with the double arrowhead in Fig. 3A initially appeared in the fifth image, and then vanished in the sixth frame. It reappeared from the seventh image to the tenth image with decreasing fluorescence intensity and pixel area, and became invisible again in the eleventh and twelfth images. Then it became visible in the thirteenth image. Because the penetration distance in the evanescence wave excitation mode is no more than 100 nm, it is acceptable to assume that microbeads (175 nm diameter) collide with channel walls in an evanescent field. The disappearance of microbeads from the view field suggested that the microbead moves out of the evanescent field. It is expected that the microbeads that move out of the evanescent field will have a higher velocity than those in the evanescent field. The collided microbeads with walls, therefore, should show the obvious alterative trend of velocities in consecutive images in the wide field excitation mode. As matter of fact, parts of the trace lengths measured from microbeads in frames of Fig. 3B were not homogeneous, and this inhomogeneous velocity profile may partially be contributed by the interaction of microbeads with the channel walls. By following a single microbead, as demonstrated in Fig. 4 , it clearly shows a changeable velocity during its flowing course except the solid square points. This phenomenon suggests that the microbead is colliding with channel walls during its presence in the view field. Moreover, nadiral velocities among the variational velocities of single microbeads are comparable with the velocities measured with evanescent wave excitation mode. The consideration of collision of microbeads with walls is self-consistent in both evanescent wave and wide field experiments. The data demonstrate that the velocity increases dramatically when a microbead transfers out of the near wall field and the opposite phenomenon happens when a microbead transfers in the near-wall field. We believe that those beads, which have inhomogeneous velocity, collided with channel walls (top surface or bottom surface). Our data indicate that the collisions decrease the bead velocity, but do not stop the flowing of microbeads, resulting in a short trace length, and that the collision process can be recorded by following the change of trace length of a single microbead.
Confirmation of single lDNA molecules in an imaging frame and calculation of migration velocity of DNA molecules Fig. 6 shows the images of YOYO-I labeled lDNA molecules at various concentrations. The excitation power used was about 23 mW and the image in each frame was 421 pixels 6 283 pixels. The concentrations of sample in Fig. 6-1, 2, 3, 4 were 109 pM, 1.09 pM, 0.109 pM, 0.0109 pM, respectively. The lDNA concentration in Fig. 6-1 was too high that a bright band was formed instead of individual spots. Segregated spots were observed in Fig. 6-2, 3 , 4 when lower lDNA concentrations were used. The detection volume in Fig. 6 was about 0.842 nL, which was calculated based on channel dimension and laser illumination area. The amounts of DNA molecules were calculated by multiplying the sample concentration with detection volume and Avogadro's number. The numbers of lDNA molecules which should appear in the detection volume corresponding to Fig. 6-1, 2, 3, 4 were 45,000, 450, 45 and 4.5, respectively. By using Fig. 6-3 as a model, five random frames were chose and the numbers of spots in each frame were counted. The average numbers of lDNA molecules were 39.0 ¡ 3.08 per frame. In this experiment, only one 488 nm notch filter was used to selectively eliminate background from scattered laser line and at 514 nm its transmission is about 83%. The detected numbers of molecules in the detection volume should be 45 6 83% 5 37 theoretical. Therefore, the real counted spots in frame were comparable to the number of calculated molecules. These facts implied that one spot in each frame correspond to one lDNA molecule in our experiments.
Regarding the velocity calculation, Shortreed et al. 14 have presented multiframes, streak and multispots methods to determine the migration velocity using single molecule imaging technology. They proved the migration velocity of lDNA molecules extracted from single molecules with the multiframes method agreed well with the ensemble analysis by capillary electrophoresis. In order to compare the multiframes methods with the streak method in the determination of migration velocity, we conducted the experiment and calculated the migration velocity of single DNA molecules with two methods respectively (Table 1 ). In the multiframes method, the frame frequency was 11.16 Hz and exposure time was 20 ms. Fig. 7A shows the typical image of streak method at the 512 ms exposure time. The white numbers above the traces were the trace lengths in pixels, namely the migration distance. Fig. 7B demonstrates that various exposure time for the molecules resulted in different trace lengths for the same velocity. The slope of the line represents the migration velocity. We repeated to plot this line five times, and achieved five slopes. The results of migration velocity calculated with these two methods were not significantly different at 90% confidence level with T-test. Therefore, the migration velocity results of the streak method were comparable to those of multiframes method, but the streak method was faster and did not cause miscounting of DNA molecules. Flow velocities observed by wide/evanescent field with lDNA molecules By using the technique we developed and the velocity calculation methods, we simultaneously measured the velocities of single lDNA molecules in the middle and near wall of a channel. The results are shown in Fig. 8 , respectively. By substituting the maximal bulk-flow velocity and near-wall velocity into formula (2), the distances of lDNA molecules from the channel surface were found to be 309.0 ¡ 82.6 nm. This result implied that the flow velocity by using evanescent field at the single molecule level, was 309.0 ¡ 82.6 nm away from the channel wall. Its expected nearer wall velocity can be measured with smaller molecules.
Conclusions
A technique for simultaneous measuring velocities in the middle and near wall with single molecules is demonstrated. The technique allows one to selectively switch from the wide field excitation mode to the evanescent wave excitation mode. By using fluorescent microbeads with a diameter of 175 nm or lDNA molecules, the bulk-flow velocity and near-wall velocity can be determined in one single measurement. The collisions of microbeads with channel walls were directly observed and changes of velocities can be detected when a microbead transfers in and out from the near-wall field. This technique would be potentially useful for studying molecular transporting behavior in the whole flow field, and for studying interactions between molecules and microchannel surfaces, such as single molecule immunoassay. 
